Interaction and electron transfer between putidaredoxin reductase (Pdr) and putidaredoxin (Pdx) from Pseudomonas putida was studied by molecular modeling, mutagenesis, and stopped flow techniques. Based on the crystal structures of Pdr and Pdx, a complex between the proteins was generated using computer graphics methods. 
Interaction and electron transfer between putidaredoxin reductase (Pdr) and putidaredoxin (Pdx) from Pseudomonas putida was studied by molecular modeling, mutagenesis, and stopped flow techniques. Based on the crystal structures of Pdr and Pdx, a complex between the proteins was generated using computer graphics methods. In the model, Pdx is docked above the isoalloxazine ring of FAD of Pdr with the distance between the flavin and [2Fe-2S] of 14.6 Å. T his mode of interaction allows Pdx to easily adjust and optimize orientation of its cofactor relative to Pdr. The key residues of Pdx located at the center, Asp38 and Trp106, and at the edge of the protein-protein interface, Tyr33 and Arg66, were mutated to test the Pdr-Pdx computer model. The Y33F, Y33A, D38N, D38A, R66A, R66E, W106F, W106A, and ∆106 mutations did not affect assembly of the [2Fe-2S] cluster and resulted in a marginal change in the redox potential of Pdx. Electron accepting ability of ∆106 Pdx was similar to that of the wild type protein, whereas electron transfer rates from Pdr to other mutants were diminished to various degrees with the smallest and largest effects on the kinetic parameters of the Pdr-to-Pdx electron transfer reaction caused by the Trp106 and Tyr33/Arg66 substitutions, respectively. Compared to WT Pdx, the binding affinity of all studied mutants to Pdr was significantly higher. Experimental results were in agreement with theoretical predictions and suggest that (i) Pdr-Pdx complex formation is mainly driven by steric complementarity, ( ii) bulky side chains of Tyr33, Arg66, and Trp106 prevent tight binding of oxidized Pdx and facilitate dissociation of the reduced ironsulfur protein from Pdr, and (iii) transfer of an electron from FAD to [2Fe-2S] can occur with various orientations between the cofactors through multiple electron transfer pathways that do not involve Trp106 but are likely to include Asp38 and Cys39.
In the three-component camphor hydroxylase system from Pseudomonas putida, a FAD-containing NADHputidaredoxin reductase (Pdr) receives two electrons as hydride from NADH and delivers these as single reducing equivalents to two molecules of a [2Fe-2S] ferredoxin, putidaredoxin (Pdx). Two molecules of Pdx, in turn, donate electrons to one molecule of P450cam that oxidizes d-camphor to 5-exohydroxycamphor using molecular oxygen (1) . Reactions of NADH oxidation/Pdx reduction and Pdx oxidation/camphor hydroxylation are highly coupled and proceed with the turnover numbers of 16,000 and 2,000 min -1 , respectively (2, 3) . To provide efficient catalytic turnover of P450cam monooxygenase, Pdx must form productivethere is more supporting evidence for the electron transfer shuttle mechanism in the P450cam monooxygenase, according to which Pdx acts as a freely diffusible shuttle between Pdr and P450cam (4-7), as opposed to the mechanism that requires formation of a ternary complex between the three redox partners (8, 9) .
Determination of the X -ray and NMR structures of P450cam (10) and Pdx (11) , respectively, has enabled a better understanding structure-function relations in these proteins. The lack of structural information on Pdr, however, was the primary reason that the Pdr-Pdx redox couple was the least studied in this system. The reported data are contradictory and suggest that steric, electrostatic, or hydrophobic components are involved in the association between the flavoand iron-sulfur proteins (5, (12) (13) (14) (15) . Investigation of the Pdr-Pdx interaction is necessary for unraveling the mechanism of the P450cam and other homologous threecomponent monooxygenase systems. The long-range interprotein electron transfer is a fundamental process and, thus, elucidation of specific interactions that assist and stabilize Pdr-Pdx complex and mediate FAD-to-[2Fe-2S] electron transfer is of fundamental importance.
Recently determined X -ray structures of oxidized Pdr and oxidized and reduced Pdx have provided a structural base for studying electron transfer and molecular recognition in the Pdr-Pdx redox couple (16) (17) (18) . In this study, we utilized computer graphics techniques and crystal structures of the proteins to develop three-dimensional models for the Pdr-Pdx complex. To test the validity of the proposed models and to further investigate structure-function relations in Pdx, four residues of the iron-sulfur protein located at the protein-protein interface in the model complexes were mutated and the redox properties of the Pdx mutants and their ability to accept electrons from Pdr were studied. Agreement between experimental and theoretical results and the similarity between the hypothetical Pdr-Pdx complex and crystallographic complexes of analogous redox pairs suggest that the manner of Pdr-Pdx interaction in the model and solution complexes is most likely to be similar.
Materials and Methods
Materials -The bacterial growth media were obtained from Difco. Glucose, glucose oxidase, catalase, poly-L-lysine, MOPS, and bovine serum albumin were from Sigma. All other reagents used in the study were of the highest purity grade available.
Cloning of Pdx mutants -The pET plasmid with the previously cloned wild type gene of Pdx (16) was used as a template to introduce mutations into the coding region of the ironsulfur protein. The 5'-oligonucleotide primers CCCGCCGCCAACGAGGCGGAAATCGG CATGCTG (R66A) and CCCGCCGCCAACGAGGAGGAAATCGG CATGCTG (R66E) together with the 3'-nucleotide primer corresponding to the Cterminus of Pdx, and the 3 '-nucleotide primers  ATCACCGACAATATCGGCGATACCATT  GGAGACTGC  (Y33A),  ATCACCGACAATATCGAAGATACCATT  GGAGAC  (Y33F),  GGCGCTGCCGCCACAAGCACCGACAAT  ATCGTA  (D38A),  GGCGCTGCCGCCACAATTACCGACAAT  ATCGTA  (D38N),  GCGAATTCTCAGAATTGCCTATCGGGA  ACATC  (W106F),  GCGAATTCTCACGCTTGCCTATCGGGA  ACATC  (W106A) , and GCGAATTCTCATTGCCTATCGGGAACA TC ( ∆106) together with the 5'-nucletide primer corresponding to the N -terminus of Pdx were used in the first PCR amplification. The synthesized 120-150 bp fragments containing the Y33A, Y33F, D38A, D38N, R66A, and R66E mutations served as 3'-or 5'-nucleotide primers for the second PCR. The 330 bp fragments of DNA encoding the Pdx mutants were digested with NdeI and EcoRI, and ligated into unique NdeI/EcoRI sites of the pET vector and the sequence was confirmed.
Protein Expression and Purification -Wild type (WT) and mutants of Pdx were expressed in E. coli and purified as described elsewhere (16) (2) .
Spectroscopic and Stopped Flow AssaysAll UV-visible spectroscopy was performed using a Cary 3 spectrophotometer. Stopped flow experiments were carried out on SX.18MV instrument (Applied Photophysics, UK). Solutions were made anaerobic by multiple evacuating and flushing with prepurified argon and included oxygen scrubbing system consisting of 1 mM glucose, 1 Unit/ml glucose oxidase, and 1Unit/ml catalase. Reduction of WT and mutants of Pdx by Pdr was followed at 22°C at 507 nm, an isosbestic point for the two-electron reduced and oxidized flavoprotein, in 50 mM phosphate buffer, pH 7.5. Pdr (30 µM) was reduced with a slight excess of NADH before reacting with Pdx. The kinetic data were analyzed using IgorPro software (WaveMetrics, Inc.) EPR measurements of the dithionitereduced Pdx were performed on Brüker EPR spectrometer (Brüker BioSpin GmbH) under the following conditions: microwave power, 1 mW; modulation frequency, 100 kHz; modulation amplitude, 3 G; temperature, 77 K.
Electrochemical measurementsCyclic voltammetry (CV) was carried out using a BAS 100W potentiostat (Bioanalytical Systems, West Lafayette, IN) according to a procedure developed by Avila et al. (20) with some modifications. A single-compartment electrochemical cell (0.4 ml) contained a platinum wire counter electrode, a 3 M Ag/AgCl reference electrode in a Luggin capillary (+205 mV vs. SHE), and an indium-doped tin oxide quartz plate (Quantum Coating) as the working electrode. The electrode was cleaned by 20 min sonication in 10% alconox solution followed by 20 min sonication in water. The sample solutions contained 80-100 µM Pdx and polylysine in a molar ratio of 1:2 in 100 mM MOPS buffer, pH 7.0. For all studied proteins, the observed peak current during voltammetry increased linearly with the square root of the scan rate, indicative of diffusioncontrolled electron transfer. Halfwave potentials determined by CV were close to those measured by Osteryoung square wave voltammetry (21) and reported in the Supplemental Materials. Chemical reversibility was judged by the ratio of anodic and cathodic peak currents designated as i pa /i pc , whereas kinetic reversibility was judged by the separation between cathodic and anodic peak potentials, as denoted by ∆E p ( Table 3) .
Identification of the Docking Regions in Pdr and Pdx -A surface complementary algorithm for protein docking, embodied in the program GRAMM (22) , was used to identify binding sites in Pdr and Pdx. The method performs an exhaustive computational search of all possible configurations of the protein complexes to find those with the highest protein-protein surface structure complementarity. The lowest energy docking positions were analyzed to determine preferred b inding regions on Pdr and Pdx and to select a plausible model where the distance between the isoalloxazine ring of FAD and the [2Fe-2S] cluster was the shortest. The starting model was optimized by adjusting positions of Pdx and the side chains of interacting amino acid residues of both proteins using the program O (23) . The structures of model complexes were by guest on November 17, 2017 http://www.jbc.org/ Downloaded from energy-minimized using the program CNS (24) .
Other calculations -Electron transfer coupling and possible electron transfer pathways between the redox centers of Pdr and Pdx were analyzed using the program HARLEM (25) based on either the pathway tunneling (26) or direct distance approaches (27) . All calculations were performed using default settings. To initiate the pathway analysis, the flavin and iron-sulfur moieties were defined as electron donor and acceptor groups, respectively.
The surface area of the interface in the Pdr-Pdx complex was c alculated using GRASP (28) . The figures were prepared with MOLSCRIPT (29), RASTER3D (30) , and PYMOL (31).
RESULTS

Molecular Properties of Pdr and Pdx -
During turnover of P450cam monooxygenase, electron flow is directed from reduced Pdr to oxidized Pdx. Being able to donate two electrons, the reduced flavoprotein molecule must bind and dissociate from two molecules of Pdx during the catalytic cycle. To date, only the crystal structure of oxidized Pdr has been solved (17) . Based on analogy with other NAD(P)H-dependent electron transferring flavoenzymes, where binding of the reduced pyridine nucleotides and hydride transfer occur on the re-side of the isoalloxazine ring of the flavin and the surface surrounding the opposite, si-side of the flavin cofactor serves as an electron acceptor/redox partner binding site, the hydrophobic grove on the si-side of Pdr formed by the side chains of Pro46, Val302, and Trp328 was proposed to be a docking site for Pdx. These residues are closest to the flavin and have the highest electronic coupling values (Fig. 1a,c) .
According to the X-ray structures of the oxidized and reduced glutathione reductase (32, 33) and the NADHdependent ferredoxin reductase component of biphenyl dioxygenase (34) , structural homologues of Pdr, residues shielding the si-side of the flavin do not undergo conformational changes during redox transition. This suggests that the surface properties of the oxidized and reduced molecules of Pdr are likely to be similar. The structure of oxidized Pdr, therefore, can be used as a model of the reduced flavoprotein.
The structural data on the [2Fe-2S] ferredoxins suggest that the iron atom located closer to the molecular surface accepts and donates electrons during redox cycling (35) . In Pdx, amino acid residues comprising the solvent accessible Asp38-Thr47 metal cluster binding loop have the highest electronic coupling values and are most likely to be involved in interprotein electron transfer (Fig. 1c,d ). Taken together, analysis of the surface properties of Pdr and Pdx gives a clear indication on what parts of the molecules might interact in solution.
Models of the Pdr-Pdx Complex -To identify contact regions and generate the starting model for the Pdr-Pdx electron transfer complex, the X-ray structures of the proteins (PDB codes 1Q1R and 1XLP (17,18)) were used as input to the program GRAMM (22) . The resulting docking positions between Pdr and Pdx were analyzed to select models where the distance between the isoalloxazine ring of FAD and the [2Fe-2S] cluster were less than 15-20 Å, which many consider to be the maximum possible distance for electron transfer to occur at physiologically relevant rates (27) . Among the lowest energy docking positions there was a complex, designated as Model 1, where the edge-to-edge distance between (Table 1 ). The aromatic ring of the C-terminal Trp106 of Pdx is positioned at the center of the grove close to T rp330 of Pdr, whereas Tyr33 and Arg66 flank the protein-protein interface (Fig. 2b) . The best route for electron flow from FAD to [2Fe-2S] is predicted to pass through Lys50 and Ala51 of Pdr and Asp38 and Cys39 of Pdx (Fig. 2c , Table  2 ). For this particular pathway, the direct distance analysis predicts a maximum electron transfer rate of 6.3 x 10 2 s -1 , an average atomic packing density of 0.55, and a corresponding β-decay factor of 1.76 Å -1 . Notably, bulky Tyr33 and Arg66 of Pdx form van der Waals contacts with Thr66-Arg65 and a salt bridge with Glu335 of Pdr, respectively, at the edge of the complex interface. In the model complex, Pdx can reorient without disrupting these interactions and change the angle and the distance between the [2Fe-2S] cluster and FAD by making seesaw-like movements. One of these possible orientations of Pdx with the edgeto-edge distance between the flavin and iron-sulfur cofactors of 12.3 Å is shown in Figure 2d -f. Specific Pdr-Pdx interactions formed in this hypothetical complex, designated as Model 2, are listed in Table  1 . Trp106 of Pdx shifts toward the side of the interface and its carboxyl group is in position to form a salt bridge with Arg310 of Pdr. The best electron transfer route from FAD to the [2Fe-2S] cluster is predicted to proceed through Trp330 of Pdr and Asp38 and Cys39 of Pdx with the estimated maximum electron transfer rate being two orders of magnitude higher than that predicted for Model 1 ( Table 2 ). The optimal orientation for the Pdr-Pdx docking, therefore, is not optimal for electron transfer.
Rationale for the Mutation of Specific Amino Acids of Pdx -In order to test whether the model Pdr-Pdx complexes resemble that formed in solution, four residues of Pdx were selected for mutation. Tryptophan 1 06 was chosen because it has substantial conformational freedom in Pdx (16, 36, 37) and can occupy multiple positions at the interface in the Pdr-Pdx complex. Theoretical calculations predict that elimination of the indole ring or its reorientation could either slow down or facilitate interprotein electron transfer process ( Table 2) . Being positioned at the center of the protein-protein interface, the aromatic ring of Trp106 may serve as hydrophobic "lining" and regulate FADto-[2Fe-2S] electron transfer by improving electronic coupling between the active sites of the interacting proteins or/and by preventing Pdx from approaching Pdr too close. Thus, according to the models, removal or replacement of the indole ring of Trp106 with less bulky or less hydrophobic amino acid residues should affect Pdx-Pdr association and/or electron transfer events. To investigate the role of the C-terminal residue of Pdx in the redox partner interaction and interprotein electron transfer, W106F, W106A, and ∆106 mutants were prepared.
Strategically important positions at the interface and sensitivity to redox state change (18) were the reasons why Tyr33 and Arg66 in Pdx were selected for mutagenesis studies. In reduced Pdx, Tyr33 shifts by more than 2.0 Å and the tyrosine ring rotates by nearly 130º to form a hydrogen bond with Asp9. Tables 1 and 2 ). Moreover, Pdx can be positioned in such way that the carboxyl group of Asp38 could approach and establish a hydrogen bond with the imidazole ring of His44 of Pdr. The electron transfer pathway in this case is predicted to lead from FAD through Pro46, Leu45, and His44 of Pdr to Asp38 and Cys39 of Pdx (not shown). Asparagine 38, therefore, might be the central residue that assists binding and electronic coupling between Pdx and Pdr. To study the functional role of this amino acid residue, D38A and D38N mutants were prepared. The latter substitution was also made to solve the controversy of the previously reported results (38, 39) .
Characterization of Pdx MutantsSimilar to WT Pdx, all mutants were highly expressed in E. coli and purified as holoproteins. Absorbance spectra of the mutants in the visible region were similar to that of WT Pdx with the maxima observed at 329-333, 410-414, and 455-457 nm (Fig. 3) Fig. 4a ) and Osteryong square wave voltammetry in the range of 0 to -750 mV vs. Ag/AgCl. The E 1/2 values determined by CV for WT and mutants of Pdx are shown graphically in Figure 4b and those relative to standard hydrogen electrode (+205 mV vs. 3 M Ag/AgCl) are given in Table 3 . According to the voltammetric measurements, deletion of Trp106 slightly increased the reduction potential of Pdx, whereas other mutations resulted in a marginal decrease of E 1/2 . The W106A substitution caused the largest electronegative shift, -27 mV (Table 3) . Direct electron transfer with the electrode was observed for all studied iron-sulfur proteins. The reduction/ oxidation of WT and mutants of Pdx was chemically reversible as judged by the i pa /i pc ratio (Table 3) Kinetics of Pdr-to-Pdx Electron Transfer -Electron transfer rates from two-electron reduced Pdr to WT and mutants of Pdx were measured by stopped-flow spectrophotometry under anaerobic conditions. Reduction of the [2Fe-2S] cluster was monitored at 507 nm, an isosbestic point for the two-electron reduced and oxidized forms of Pdr. Plots of k obs vs. Pdx concentration were nonlinear (Fig. 5) . The limiting values of k obs (V max ) and apparent dissociation constants, K d , calculated from the hyperbolic fits are given in Table 3 . Different amino acid substitutions affected kinetics of Pdr-to-Pdx electron transfer to a different degree. Based on the kinetic parameters, Pdx mutants can be divided into three groups. Electron transfer rates from Pdr to ∆106 and W106F Pdx were the highest and closest to that of the wild type iron-sulfur protein, whereas the K d values measured for the mutants were 1.5-2 times lower than the corresponding parameter calculated for WT Pdx.
The second group, W106A and D38A Pdx, is characterized by the intermediate V max and K d values, ca. 30-50% of those of WT. Notably, within the 0 -30 µM concentration range, where the Pdx:Pdr ratio is less than or equal to 1:1, the dependence of k obs on [Pdx] for WT, all three Trp106 mutants, and D38A was highly similar (Fig. 5, Inset) . An apparent bimolecular rate constant determined from the linear plot was found to be 2.9 x 10 6 M -1 s -1 . It appears that during single turnover these mutant proteins interact with Pdr similar to WT Pdx but are less efficient at higher concentrations, when multiple turnovers take place. One of the reasons for this effect might be decreased ability of the reduced mutants to dissociate from Pdr.
The rates of electron transfer from Pdr to the third group of Pdx mutants, D38N, Y33A, Y33F, R66A, and R66E, were decreased by 70-80% relative to that of WT Pdx. Except R66E Pdx, saturation of the k obs vs.
[Pdx] plots occurred early, at low concentrations of the iron-sulfur proteins. As a result, the apparent K d values calculated for this group of mutants were considerably lower than that determined for WT Pdx (Table 3) . Diminished electron accepting ability of these proteins, therefore, is not due to weaker binding to Pdr but might be because of inability of the mutants to optimally orient and/or dissociate from the flavoprotein. Taken together, the kinetic results suggest that dissociation of the reduced iron-sulfur protein is likely to be the rate-limiting step in the Pdr-to-Pdx electron transfer reaction. 
DISCUSSION
The most direct way to identify interacting surfaces, orientation of cofactors, and possible pathways for the electron flow from Pdr to Pdx would be crystallization of the complex. Unfortunately, crystallization of multiprotein complexes is challenging and may be limited by relatively weak binding and heterogeneity. Computer modeling is an alternative approach to investigate mechanisms of protein-protein interaction and molecular recognition (43) (44) (45) (46) . We utilized this approach and produced several Pdr-Pdx electron transfer complexes that provided a structural basis for designing experiments to test the models. A specific manner of Pdr-Pdx interaction in the computer-generated models allowed us to select four key residues of the iron-sulfur protein, Tyr33, Asp38, Arg66, and Trp106, for sitedirected mutagenesis and test the validity of the models.
Introduced mutations did not alter spectral properties of Pdx but caused small shifts (+2 to -28 mV) in reduction potential of the [2Fe-2S] 2+/1+ couple. Such deviations in redox potential can affect the Pdr-to-Pdx electron transfer reaction and might be, in part, responsible for the perturbed kinetics of Pdx reduction. However, since there is no direct correlation between the shift in the redox potentials of Pdx mutants and the rates of their reduction (Table 3) , it can be concluded that significant changes in the kinetics of the Pdr-to-Pdx electron transfer are not caused by changes in intrinsic properties of Pdx but are due to perturbed ability of the mutant iron-sulfur proteins to interact with Pdr and/or to perform electron transfer.
Correlation Between Theoretical and Experimental Results. Role of Trp106 -According to the experimental results, the C-terminal Trp106 is not required for Pdrto-Pdx electron transfer but the aromatic nature of its side chain and the C-terminal carboxyl group itself can affect this process to some extent by influencing redox properties and binding affinity of Pdx. This is in contrast to the PdxP450cam redox couple where ∆106 Pdx was shown to bind to the hemoprotein 50 times less tightly than the wild type ironsulfur protein (47, 48) . Comparison of the experimentally measured and theoretically calculated electron transfer rates for Pdr-WT Pdx and Pdr-∆106 Pdx complexes indicates that Model 1 is the closest to the solution Pdr-WT Pdx complex, whereas Model 3 better predicts the effects of Trp106 deletion ( Table 2) .
Role of Tyr33 and Arg66 -Significant changes in the kinetics of electron transfer from Pdr to Tyr33 and Arg66 Pdx mutants, redox potentials of which are only 3-21 mV lower than that of the wild type iron-sulfur protein, agree well with the theoretical predictions. The fact that the iron-sulfur proteins with the smaller side chains at positions 33, 66, and 106 have higher affinity to Pdr (Table 3) supports the hypothesis that Tyr33, Arg66, and Trp106 regulate Pdr-Pdx binding and electron transfer by controlling how close Pdx can approach Pdr. Limiting the interaction may be necessary to give bound Pdx freedom to reorient for efficient electron transfer and to facilitate dissociation of the reduced protein.
The most dramatic effect on the kinetics of FAD-to-[2Fe-2S] electron transfer was caused by the R66E mutation in Pdx. In accord with the molecular modeling results, the kinetic data demonstrate the importance of the positively charged guanidinium group of Arg66 in Pdx-Pdr association. By establishing electrostatic or hydrogen bonding interactions with the structural elements of Pdr, Arg66 might assist in initial docking or/and stabilization of the transient complex between the redox proteins. It should not be ruled out, however, that a decrease in electron accepting ability of the Tyr33 and Arg66 mutants might be, in part, due to destabilization of the reduced form of Pdx (18). As electrochemical experiments show, the kinetic reversibility of the oxidation/reduction transition, defined by ∆E p (Table 3 ), in these iron-sulfur proteins and in D38N Pdx significantly deviates from that of WT and other mutants, suggesting that larger structural reorganization is required upon electron transfer to these mutants.
Role of Asp38 -Our kinetic results on D38N Pdx are in accord with the data of Aoki et al. (39) but contradict those of Holden et al. (38) who showed a 60% decrease and 20% increase in activity of the mutant toward Pdr, respectively. We also found that the D38N substitution has a more profound effect on the kinetic reversibility of redox transition in Pdx than the D38A mutation. Owing to a significant effect of D38N mutation on the redox properties of Pdx, it is not possible at the moment to define the precise role of Asp38 in structure and function of Pdx. Based on the currently available data, we speculate that the negative charge rather than the length of the side chain of the residue at position 38 might be the major factor that helps to orient the Pdx molecule in the active site of Pdr and establish a productive electron transfer complex. According to the Pdr-Pdx complex models, electrostatic repulsive interactions between Asp38 and Glu18, the closest negatively charged residue of Pdr, can direct redox partner docking to achieve optimal orientation between the redox centers.
Model Complexes Support Previously
Reported Results -In agreement with the NMR and site-directed mutagenesis experiments (14, 38, 39) , our modeling studies identified Val28, Glu72, and Cys73 of Pdx as potential residues that might interact with Pdr. In the models, Glu72 can form either a salt bridge or water-mediated hydrogen bond with Lys409 of Pdr ( Table 1 ) and elimination of its negative charge should weaken interaction between the redox proteins. This prediction supports data reported by Aoki et al. who observed 40% decrease in the electron transfer from Pdr to Pdx when the E72Q mutation was introduced in the iron-sulfur protein (39) . Valine 28 and Cys73, on the other side, are positioned at the interface in the model complexes and contact Pdr. The modeling data suggest that replacement of these residues with the large side chain amino acids could cause steric hindrance and disrupt Pdr-Pdx complex formation. This suggestion explains results of Holden et al. who showed that reduction of the C73R mutant by Pdr was 85% less efficient than electron transfer to the wild type protein (38) , but contradicts the conclusion that the 30-40% decrease in activities of the C73G and C73S Pdx mutants is a result of perturbed Pdr-Pdx interaction. According to our models, small side chain amino acids at position 73, such as serine or glycine, should not affect association of the proteins. Electrochemical measurements performed in this study showed that the C73S mutation causes the largest negative shift in the redox potential of Pdx (-28 mV) and has the largest effect on the kinetic reversibility of the [2Fe-2S] +2/+1 couple (Table 3) , which might be responsible for the lower electron accepting ability of the mutant. Thus, the small side chain amino acid substitutions of Cys73 are likely to affect Pdr-Pdx Finally, our modeling results are in accord with the NMR, mutagenesis, isothermal calorimetry, and laser flash photolysis studies that demonstrated involvement of steric (39), hydrophobic (6, 15) or both, hydrophobic and electrostatic factors (49) in the association between Pdr and Pdx. As computer models suggest, association between Pdr and Pdx is likely to be guided by the surface complementarity with the majority of binding energy provided by hydrophobic interactions between the residues surrounding the redox centers (Trp320, Trp330, Pro46, Pro47, Val302, Pro303, Leu306, and Leu306 in Pdr and Trp106 and Met70 in Pdx) with a lesser input from polar and charge-charge interactions formed on the periphery of the proteinprotein interface (Arg66-Pdx/Glu335-Pdr, Glu72-Pdx/Lys409-Pdr, Asp103-Pdx/ Arg310-Pdr or Trp106-Pdx/Arg310-Pdr).
Structural Similarity between the PdrPdx Models and Crystallographic Complexes of Analogous Redox Pairs -In order to further analyze the physiological relevance of the proposed Pdr-Pdx complex, we compared the computer generated Pdr-Pdx models with the crystal structures of the complexes between analogous redox couples. In the complex between ferredoxin-NADP + reductase and ferredoxin from the cyanobacterium Anabena (Fig. 6a) , where the [2Fe-2S] cluster positioned 7.4 Å away from the exposed C8-methyl of the isoalloxazine ring of FAD, the redox partners are oriented along their molecular dipoles and form multiple hydrogen bonds and van der Waals contacts at the 1600 Å 2 interface (50). In the covalently linked bovine adrenodoxin reductase-adrenodoxin complex (Fig. 6b) , mainly polar interactions are established between the proteins at the 580 Å 2 protein-protein interface with the shortest distance between the FAD-O3 and the metal center of 9.7 Å (51). Finally, in fumarate reductase from E. coli (Fig. 6c) , the [2Fe-2S] ferredoxin-like subunit interacts extensively with the FAD-containing subunit forming multiple hydrogen bonds and four salt bridges at the 1450 Å 2 interface (52) . In this electron transfer complex, the closest iron is 12.0 Å away from the C7-methyl group of FAD.
Evidently, despite differences in protein folds, there is striking resemblance between the crystallographic complexes and the Pdr-Pdx model ( Fig. 2 and 6 ). The manner of interaction, relative orientation between cofactors, complementarity of the active sites, and weak, mainly non-ionic interaction between the redox proteins are the common features o f the compared structures. This structural similarity, as well as agreement between the theoretical and experimental results on Pdr-Pdx interaction strongly suggests that the overall geometry of our models is most likely correct. Although none of the three computer-generated Pdr-Pdx complexes can be considered "the best" in terms of ability to precisely define interacting residues and predict effects of mutations, the models can serve as a plausible structural base for future studies on the mechanism of this redox couple. FOOTNOTES * We thank M. Goldfeld for assistance in carrying out EPR experiments. This research is supported by the National Institutes of Health (IFS GM67637), (TLP GM33688) and the National Science Foundation grants (PJF CHE-0100774). EB acknowledges a graduate fellowship from the UC TSR&TP. 1 The abbreviations used are: Pdr, putidaredoxin reductase; Pdx, putidaredoxin; CV, cyclic voltammetry. (52)). The flavo-and iron-sulfur proteins are shown in green and blue, respectively. Electron transfer pathways between FAD (yellow) and the metal cofactors (pink) were predicted by HARLEM (25) . Dotted lines represent through-space jumps. ρ is the fraction of sampled space between atoms of redox cofactors that fall inside the van der Waals radii of the protein atoms.
e β is the matrix element decay factor that represents the exponential fall-off of the electronic tunneling rate with distance. f Atoms and residues identified by HARLEM to provide the most efficient electron transfer path from FAD to the [2Fe-2S] cluster. g Maximum electron transfer rate predicted for this particular electron pathway. 
